Using ultrafast magneto-optic sampling microscopy, we investigate the spin-wave dispersion and spin-wave damping in yttrium-iron-garnet films. With the aid of the inhomogeneous magnetic field generated by coplanar waveguides spin-waves are excited at a fixed frequency while the wavelength is determined by the external magnetic field. By imaging the excited spin-waves and mapping the 
In recent years, spin-wave propagation and its control have been intensely studied topic [1, 2] . In parallel, it has been demonstrated that spin-waves may be used to transport heat [3] and angular momentum [4] . In many of these experiments, yttrium-iron-garnet (YIG) has proven to be a valuable material. The insulating properties of YIG where used in YIG/metal hybrid structures to demomstrate a flurry of magnetosresistive and magneto thermal phenomena which are explained by the excitation or anihiliation sp spin waves in YIG. [5] [6] [7] [8] . At the same time, the exceptionally small Gilbert damping constant of only α = 5 × 10 −5 of YIG enables spin transport on the millimeter length scale [3, 9] . In most cases the presence of magnon excitations in YIG can be probed on the nanoscale by the inverse spin Hall effect [6, 10] . However, this technique is not sensitive to the properties of the spin-wave that is converted into a signal, i.e., its wavelength and propagation direction. For uniform magnetization dynamics (with wave vectors close to zero) ferromagnetic resonance is a reliable technique [11] . In the past decade this method has been transferred to the micro-and nanoscale by the use of vector network analyzers [12, 13] . For spinwaves with wavelengths down to 200 nm magnetization dynamics are routinely probed in a spatially resolved manner using micro-focus Brillouin light scattering (µBLS) [14] [15] [16] [17] and scanning time-resolved magneto-optic Kerr microscopy (TR-MOKE) [18] [19] [20] . The long spin relaxation times in YIG complicate experiments that access the intrinsic Gilbert damping parameter. Extrinsic effects such as sample inhomogeneity, magnon-magnon scattering [21] , or instrumental effects related to the excitation of multiple spin-wave modes may dominate the measured linewidth [22] .
In this letter, we study the properties of spin-waves in thin YIG layers by time-resolved imaging of coherently excited spin-waves. In order to reach the required sensitivity a novel variant of the TR-MOKE method is implemented. Besides the direct measurement of the spin-wave dispersion and avoided crossings of different spin-wave modes. We demonstrate that a truly local measurement of intrinsic damping properties becomes possible. In addition, by extracting group velocities and relaxation times of the excited spin-waves near an avoided spin-wave mode crossing an alternative method provides an independent result for the local Gilbert damping parameter.
In the experiments we use a frequency doubled femtosecond laser operating at 520 nm with a repetition rate of f rep = 80 MHz. For a 200 nm thick YIG layer on a gadolinium-galliumgarnet (GGG) substrate one obtains a static MOKE rotation of only 1.5 mrad at saturation 2 for a polar hard axis loop recorded in reflection. Because the inhomogeneous magnetization distribution of spin-waves does not couple very effectively to the rf field generated by the waveguide, a highly sensitive MOKE detection is needed for the experiments.
In order to further improve signal-to-noise ratio and the versatility of the TR-MOKE technique described in Ref. [23] we introduce a new measurement scheme, which we term super-Nyquist sampling MOKE (SNS-MOKE). Typically, in TR-MOKE rf excitation and optical probing pulses are synchronized, sampling is stroboscopic such that f rf = n·f rep where n is an integer, and the excitation is modulated (e.g., by microwave amplitude modulation) in order to allow for lock-in amplification [24, 25] . However, in SNS-MOKE we can tune the rf excitation to any frequency why may be expressed as f rf = n · f rep + , where is a rational number, and the laser frequency comb downconverts the signal to the intermediate frequency .
At non-zero and with the rf excitation synchronized to the laser repetition rate, this downconversion occurs coherently -the phase information of the magnetization precession relative to the rf excitation is preserved by lock-in demodulation at . As shown in Fig. 1a this process corresponds to undersampling or super-Nyquist sampling: spectrally narrow magnetization oscillations at the rf excitation frequency in higher order Nyquist zones (f rf >> f rep ) can be reconstructed in an alias-free manner by exploiting the stability and the spectral width of the laser frequency comb. Thus SNS-MOKE does not require modulation of the excitation or a delay mechanism and at the same time overcomes the restriction of a fixed frequency grid given by integer multiples of f rep for the excitation frequency. In addition, the SNS-MOKE approach simultaneously provides the real and imaginary components of the susceptibility whereas in standard TR-MOKE, the in-phase and out-of-phase parts need to be measured separately using a delay between the microwave signal and the laser pulses [24] . for a given magnetic field and rf frequency [22] . The arrow in Fig. 2a indicates a regime where no DE modes are excited. We attribute this effect to an avoided crossing of first perpendicular standing spin-wave (PSSW) and the DE spin-wave mode [27] . The excited wave vector is determined by the maximum of the product of the k-dependent rf magnetic field and rf magnetic susceptibility h(k)χ(ω, k) [22] . We verify this behavior by spatial mapping of the excited modes as shown in Fig. 3 . The data shown in Unfortunately, field swept spectra such as the ones shown in Fig. 2 are not suitable to de-4 termine the Gilbert damping locally. For the evaluation of these spectra it would be required to take the k-dependent excitation field, the dispersion, and spin-wave propagation effects properly into account. In order to avoid this complication and to obtain a better understanding of the field-dependent spectra we record the SNS-MOKE signal in two-dimensional plots as a function of in-plane magnetic field magnitude and angle, as shown in Fig. 5a . The aim is to identify the spin-wave propagation direction where the dispersion is nearly flat. A flat dispersion is expected for an intermediate angle of the spin-wave propagation direction between BV and DE configurations where the different dipolar contributions cancel each other (cf. Fig. 4 ). The actual angle where the flat dispersion occurs is indicated by circles in Fig. 5 and depends on the rf frequency, as shown in Fig. 5b . The lack of dispersion results in the simultaneous excitation of spin-waves with wave vectors ranging from 0 to 5 µm −1 causing destructive interference of all spin-wave modes except for the uniform mode (k = 0), as can be seen in the inset of Fig. 5a . At 4 GHz, a flat dispersion is expected for an angle between k and M of 54
• as indicated in Fig. 4 with a dotted line. This angle agrees with the experimental result as highlighted by white circles in Fig. 5b . In addition, because the dispersion is flat, the excited spin-waves have a nearly vanishing group velocity given by v g = ∂ω/∂k. Under such conditions the excited spin-waves can hardly propagate and one expects to obtain only a uniform excitation in the gap of the waveguide resulting from the local out-of-plane excitation. By measuring the susceptibility at these angles we extract simple Lorentzian resonance line shapes that can be easily interpreted in terms of their linewidth. In Fig. 6 a typical spectrum (inset) as well as the frequency-dependent linewidth determined from a series of such spectra is shown. The Gilbert damping determined from Fig. 6 corresponds to a value of α = (8.7 ± 1.3) × 10 −5 with a very small zero-frequency linewidth offset µ 0 ∆H of only 16, µT . By comparing this result to x-band FMR measurements which average over the whole sample (3 mm×3 mm) the local measurements are less affected by the sample inhomogeneity (see Fig. 6 ) and result in narrower lines. In these inductive measurements the sample is placed at the end of a shorted rectangular waveguide. The corresponding zero-field linewidth is increased by a factor of two compared to the local SNS-MOKE measurements.
We note that the localization of the linewidth measured by the SNS technique is determined by the propagation length of the resonant spin-waves. This propagation length is given by the product of spin-wave lifetime and group velocity [22] : is less than 1 MHz. The fact that the mode spitting is more than 30 times larger than the linewidth of the individual PSSW and DE modes implies the presence of strong coupling [29] and may allow cooperative phenomena such as Rabi oscillations to be observable.
In summary, we developed a magneto-optic sampling method in order to better access and understand the spin-wave propagation properties in thin YIG films. By determining flat points in spin-wave dispersion we determine the Gilbert damping parameter locally.
For future experiments our results will allow identification of spin pumping, spin Hall, and spin-transfer torque effects locally in device structures even for ultrathin YIG layers. and Kalinikos [26, 32] 
